The rostra1 cluster of SCP-immunoreactive cells, originally identified in each buccal hemiganglion of juvenile Ap/ysia, was examined in mature specimens. lmmunohistochemical and dye-fill experiments showed that each rostra1 cluster consists of approximately 40 cells. Although these neurons exhibit heterogeneity of size and shape, all cells project an axon into the radula nerve. Tracing of dye-filled cells showed that they project to the layer of tissue that lines the inner surface of the food-grasping portion of the chitinous radula. This tissue contains SCP-immunoreactive nerve fibers and varicosities in regions corresponding to the projections of dye-filled neurons. Several observations indicate that rostra1 cluster neurons transduce tactile stimuli applied to the radula surface: (1) each cell responds to touch of a circumscribed receptive field with a rapidly adapting burst of action potentials, (2) the evoked spikes arise abruptly from the resting potential without prepotentials, and (3) the responses persist when central and peripheral synaptic transmission is blocked in high Mg*+, low Ca2+ artificial seawater solutions.
These cells, designated radula mechanoafferent (RM) neurons, do not respond to chemical stimuli including NaCI, glutamate, and seaweed extract. The highest density of receptive fields is found on the posterodorsal edges of the radula halves, areas most directly involved in grasping food. The RM neurons are electrically coupled cells, with coupling coefficients ranging from 0.006 to 0.22. They fire phasically during buccal motor programs, even in the absence of peripheral feedback from the radula or other portions of the buccal mass. In radiolabeling studies the RM cells were found to synthesize authentic SCP, and SCP,. Sensorin-A, a peptide that is localized to other Aplysia mechanoafferent neurons, was not detected immunohistochemically in these cells.
Received Nov. 8, 1993; revised Apr. 11, 1994; accepted May 19, 1994 The stereotyped and repetitive behaviors associated with feeding in invertebrates provide favorable systems for examining the neural bases of behavior (Kater, 1974; Kupfermann, 1974b; Marder, 1988; Lent et al., 1989) . Studies of feeding-related behaviors in gastropod mollusks have contributed to our understanding of the generation of motor patterning (Berry, 1972; Kater and Rowell, 1973; Benjamin and Rose, 1979; Susswein and Byrne, 1988) , synaptic plasticity underlying modifications of behavior due to experience (Davis et al., 1974; Gelperin et al., 1985; Kovac et al., 1986; Kupfermann et al., 1989) , and the role of neuromodulators in controlling complex behavior and central motive states (Kupfermann, 1974a; Davis et al., 1977; Susswein et al., 1978; Weiss et al., 1978; Trimble and Barker, 1984; Cropper et al., 1987a Cropper et al., ,b, 1988 . In Apfysia, as in other animals, feeding-related behaviors can be classified into two major response categories-appetitive behaviors in which the animal locates and orients toward the food source, and consummatory behaviors during which ingestion occurs (Kupfermann, 1974a) . Many neurons comprising the circuits underlying the more stereotyped consummatory behaviors have been identified. These include motor neurons that innervate the buccal muscles Kreiner et al., 1987; Church and Lloyd, 1991; Church et al., 1991) , sensory neurons that exert specific actions upon the feeding circuitry (Rosen et al., 1979 (Rosen et al., , 1982 Fredman and Jahan-Parwar, 1980; Weiss et al., 1986a-c; Chiel et al., 1986) and premotor or intemeurons that may participate in the initiation of rhythmic consummatory responses (Susswein and Byrne, 1988; Plummer and Kirk, 1990; Rosen et al., 1991) .
The neuronal circuits controlling feeding are modulated by amines and neuropeptides that can originate from neurons within or extrinsic to the central pattern-generating network Kirk and Scheller, 1986; Cropper et al., 1987a Cropper et al., ,b, 1988 Ono, 1989; Church and Lloyd, 199 1) . Two such modulators, the small cardioactive peptides (SCPs; Lloyd, 1982 Lloyd, , 1986 , SCP, and SCP,, were sequenced following purification from Aplysia tissues (Morris et al., 1982; Lloyd et al., 1987b) . Exogenous application of the SCPs produces a number of actions at peripheral and central sites involved in feeding: they promote , enhance evoked contractions of buccal muscles (Lloyd et al., 1984; Richmond et al., 1986; Cropper et al., 1987a) , and produce excitatory responses in certain motor neurons (Sossin et al., 1987; Taussig et al., 1989) , premotor neurons (Plummer and Kirk, 1990) , and mechanosensory neurons . The SCPs also have functional roles in the ganglia of numerous invertebrate species other than Aplysia (Lloyd, 1982; Evans and Calabrese, 1989; Homberg and Hildebrand, 1989; Zoran et al., 1989; Welsford and Prior, 199 1; Watson and Willows, 1992) . Three distinct groups of neurons containing SCP,-like immunoreactivity (iSCP,) were originally described in the buccal ganglia of very early postmetamorphic stage ApZysia (Lloyd et al., 1985) . A prominent "esophageal group" of immunoreactive cells includes the large cells Bl and B2 (Gardner, 197 1; see Kreiner et al., 1986; Reed et al., 1988) . Cells in this group innervate the gut via the esophageal nerve . A second "ventral group" of immunoreactive buccal neurons consists ofcells of varying staining intensity distributed throughout the ventral motor neuron cluster, several of which have been individually identified (Cropper et al., 1987a; Kreiner et al., 1987; Sossin et al., 1987; Church and Lloyd, 199 1; Church et al., 199 1 ). An additional cluster of SCP,-immunoreactive cells, termed the "rostra1 group," consists of 15-25 densely packed neurons that appear to give rise to axons projecting toward the buccal commissure. Uniquely identifiable neurons have not been described in this cluster and the functional properties of these cells, including the role of the SCPs, have not been examined. In this study, we have used dye-filling and whole-mount immunocytochemical methods in conjunction with electrophysiological methods to analyze rostra1 group SCP,-immunoreactive cells in mature Aplysia. These peptide-containing cells were found to be sensory neurons that respond to tactile stimuli applied to the radula, the structure that contacts food during biting. Furthermore, these cells exhibit spontaneous and evoked bursting patterns, even in the absence of peripheral stimuli, suggesting that they are strongly influenced by the central pattern generators (CPGs) that underlie buccal motor programs. The presence of modulatory peptides in mechanoafferents that are also driven Figure 1 . A, En face view of the head of Aplysia during a biting response. In this image the mouth is open and the odontophore is protracted and rotated forward. The radula, which caps the odontophore, is seen in its opened position. The biting response was evoked by a small piece bf food (seaweed) that was aDDlied to the 1iDs. B, Drawing of the od&tophore prep&&ion used in-the majority of experiments. Food is usually grasped by the posterodorsal edge (bitingsurface) ofthe radula, at the dorsal end of the radula groove. The dorsal surface of the chitinous radula with its rows of small teeth is seen atop the tissue forming the base of the odontophore, the tongue-like structure that rhythmically rotates forward and back during feeding. The innervation provided by the buccal ganglion, via the radula nerve, was preserved. Innervation provided by other buccal nerves was eliminated. C-B corm, cerebralbuccal connective.
by CPGs may enable such neurons to regulate pattern-generating networks via both central and peripheral actions. These results thus provide further evidence for the recently emerging view that there are complex bidirectional interactions between sensory neurons and central pattern-generating circuits that produce rhythmic stereotyped movements in both vertebrates and invertebrates (Dubuc et al., 1988; Libersat et al., 1989; reviewed in Cohen, 1992) .
Some of the present results have been reported previously in abstract form .
Materials and Methods
Subjects and preparations. The experimental subjects were wild type Aplysia calijknica weighing 250400 gm (Marinus, CA). They were maintained at 14-16°C in holding tanks containing aerated, filtered, artificial seawater (ASW). Isolatedganglia preparations and a dissected odontophore-buccal ganglion preparation were most often utilized, but experiments were also conducted with other types of reduced preparations (specified in Results). Animals were initially anesthetized by injection of isotonic MgCl, (50% of body weight) and dissected. In isolated ganglia preparations, the buccal and cerebral ganglia were removed with the cerebral-buccal (C-B) connectives intact. In the odontophore-buccal ganglion preparation, the radula (shown in the intact feeding animal in Fig. 1 A) and attached muscles and skin that form the odontophore were excised along with the buccal ganglion (Fig. 1 B) . A number of the larger muscles that lead into the odontophore were cut in order to free it from the floor of the buccal cavity. Particular care was taken to preserve the innervation provided by the radula nerve and in some cases buccal nerve 3. The nomenclature for buccal neurons and nerves follows that of Gardner (197 1) . The odontophore was placed in a recording chamber so that it rested on its cut base and the toothed radula surface faced upward, similar to its resting position in the buccal mass.
Electrophysiology. Intracellular recordings were obtained from isolated ganglia or from reduced preparations maintained in a Lucite recording chamber that had a clear Sylgard silicon elastomer floor with a depth (4-10 mm) that was appropriate for the thickness of the different portions of the preparation. For intracellular recording and stimulation, neurons were impaled with double-barreled microelectrodes that were made of thin walled glass and contained 2 M potassium acetate. The electrodes were beveled so that their impedances ranged from 15-20 MQ. For the purposes of identifying cells and examining their morphologies, the potassium acetate in the stimulating electrode was replaced by a 3% solution of 5(6)-carboxyfluorescein dye (Kodak) in 0.1 M potassium citrate, titrated to pH 8.0 with KOH (after Rao et al., 1986) . These electrodes were beveled so that the impedance of the electrode containing the dye was 30-40 MR and the impedance of the potassium acetate electrode was 15-20 MO. In other experiments, aimed at obtaining accurate measurements ofthe resting potentials ofidentified cells, the electrodes were filled with 2 M potassium chloride and beveled so that their impedances were again between 10-15 Ma. Up to four simultaneous intracellular recordings were obtained using conventional electrometers. A neuron from the B4 and BS pair of multiaction (Gardner and Kandel, 1977) , multifunction (Rosen et al., 1982; Jahan-Parwar et al., 1983 ) cells was often used as a reference for electrophysiological experiments (see Figs. 6, 7, 10, 11) . Since these two neurons are difficult to distinguish, the more medial cell of the pair was always chosen for recording and is referred to as B4 in the text and figures (after Gardner and Kandel, 1977) . Nerve recordings were made with polyethylene suction electrodes and AC (Grass P 15) amplifiers.
Morphology. In order to visualize fine peripheral processes, neurons were filled with 5(6)-carboxyfluorescein dye by iontophoretic ejection from microelectrodes. To reduce the active transport of the dye out of the cells, probenecid (10 mM final concentration; Steinberg et al., 198.7) was added to the ASW bathing medium and the preparation was kept for 24-48 hr at 4°C. The use of probenecid resulted in a dramatic improvement of the dye fills, particularly of small processes far from the cell body (see Rosen et al., 199 1) . The unfixed tissues were viewed with a fluorescence microscope (Leitz filter pack D). Confirmation of cell morphology was made with Lucifer yellow ejection (Stewart, 1978) , followed by fixation in paraformaldehyde, and clearing in methyl salicylate.
Mechanical and chemical stimulation. The recording chamber was divided into two compartments that were interconnected by a Vaselinefilled notch, allowing selective application of mechanical or chemical stimuli to the odontophore. Tactile stimuli were provided by a fire polished Pasteur pipette or a set of flexible von Frey hairs consisting of polyethylene tubing that was heated and pulled to various diameters. The hairs were calibrated for delivery of punctate stimuli with forces ranging between 0.1 and 10 gm. Chemical stimuli consisted of a piece of moistened seaweed @aver: dried Porphyra) presented by a hand-held forceps or graded concentrations of seaweed extract gently perfused over the radula (see Susswein et al., 1978) . Other chemical stimuli consisted of 4 M NaCl and solutions of amino acids found in seaweed (e.g., glutamic acid; see Jahan-Parwar, 1972 ).
Immunocytochemistry. Previously described methods for indirect immunofluore&ence whole-mount mapping of Aplysia ganglia were followed (see Londev and Lonalev. 1986: Miller et al.. 199 1) . Individual neurons were identified by e&rophysioIogical criteria a&l/or their responses to mechanosensory stimuli. Cells were filled with Lucifer yellow (4Yo) by iontophoretic ejection (5-10 nA, pulses 0.5 set on, 0.5 set off; 30 min) and ganglia were fixed for 2-4 hr (room temperature) in 4% paraforrnaldehyde. Nonspecific antibody binding was blocked by preincubating tissues in a phosphate buffer solution containing 0.8-3% normal goat serum (NGS; Miles Sci., Naperville, IL) overnight at 4°C. Primary rabbit antisera against (1) SCP, (provided by A. Mahon; see Lloyd et al., 1985) and (2) a sequence (Pl) of the sensorin-A precursor (nrovided bv E. R. Kandel: see Brnnet et al.. 199 1) were then auolied ii:50 to 1:260 for SCP,; l:?!OO to 1:500 for Pl). Following incubation and rinsing (l-2 d each), secondary antibody (goat anti-rabbit immunoglobulin G, rhodamine-conjugated Fab fragment; Cappel, Malvem, PA) was applied at a 150 or 1: 100 dilution. Following incubation and washing, tissues were mounted on depression slides in phosphate buffer: glycerol (1:6), viewed under a Leitz microscope equipped with epifluorescence (filterpack N-2 for rhodamine, D for Lucifer yellow), and photographed.
Biochemistry. Forty-three physiologically identified rostra1 mechanoafferent neurons were marked by intracellular iontophoresis of fast green dve and radiolabeled as previously described (Cropper et al., i987a; Lloyd et al,, 1987a,b) . Briefly, buccal ganglia were incubated for 24 hr in 1 ml of 500/o ASW. 50010 hemolvmnh containinr! 0.5 mCi of $methionine, 2.5 ~1 of 1 & colchicine (dissblved in DMSO), and 100 11 of antibiotics (Penicillin and streptomycin, each at 50 U/ml). Individual marked neurons were dissected and peptides were extracted by heating the cells for 10 min in 100 ~1 of 0.1 M TFA containing 5 nmol of synthetic SCP, and 9 nmol of synthetic SCP,. Two sequential reversephase high-performance liquid chromatography (RP-HPLC) passes were used to compare chromatographic properties of SCP, and SCP, to those ofradiolabeled peptides synthesized by the extracted cells. In both passes a C, column was developed with a linear gradient that ran from 15% CH,CN (acetonitrile) to 45% CH,CN, in 30 min. In the first RP-HPLC pass 0.0 1 M CF,COOH (trifluoroacetic acid, TFA) was included in all solvents. The second pass was performed in the presence of 0.01 M F,BtOH (heptafluorobutyric acid, HFBA). The elution times of radiolabeled peptides were determined by scintillation counting of 10% of fraction aliquots. Synthetic peptides were detected by absorbance measurements at 215 nm.
Results
Morphological characteristics of the rostra1 cluster neurons In mature specimens of Aplysia, a cluster of closely apposed SCP,-immunoreactive cells is located on the rostra1 surface of each buccal hemiganglion ( Fig. 2A , arrows; see also Church et al., 1991) . In living preparations, these cells have a pale, flat appearance, and lie in the central region of the hemiganglion, between the large ventral motor neurons and the small pigmented cells comprising the rostra1 portion of the sZ cluster (Fiore and Muenier, 1979) . This cluster of iSCP, cells is likely to correspond to the "rostra1 group" of buccal neurons described previously in very small ganglia obtained from juvenile animals (Lloyd et al., 1985) . The rostra1 group of iSCP, neurons in juveniles consists of 15-25 tightly grouped neurons that are spatially graded in size (larger cells occupying more medial positions) and project axons toward the buccal commissure and the radula nerve (Lloyd et al., 1985) . The rostra1 group neurons in mature specimens share several of these properties (compare Fig. 2A ,B). They project axons toward the buccal commissure ( Fig. 2C , arrows) and exhibit a spatial gradient of size (see be-
The total number of iSCP, cells in each rostra1 cluster in adults ranged from 30 to 55 (numerical composition summarized in Table 1 ). The larger number of cells seen in the mature animals may reflect a developmental increase (see Cash and Carew, 1989 ) or may be due to an enhanced ability to resolve these neurons in the larger ganglia. Although substantial differences in the composition of the rostra1 clusters of the two hemiganglia were sometimes observed in individual preparations, the overall findings were not indicative of asymmetry.
The SCP,-immunoreactive rostra1 cluster neurons of mature specimens exhibit considerable heterogeneity of size and form. One to four distinctively larger cells with elongated or ovoid shapes (80-120 pm in length) were typically present in the portion of the cluster closer to the commissure, and smaller spherical cells (20-50 pm in diameter) were located more laterally ( Fig. 2D ,E; Table 1 ). Dye fills of the ovoid cells revealed a bipolar form (see, for example, Fig. 3C ). The spherical cells were generally found to be monopolar, with axons projecting toward the radula nerve, but further details of their branching patterns and forms were variable and were not systematically examined.
Electrophysiological and dye-filling experiments showed that the large and small neurons of the rostra1 group project axons into the buccal commissure and exit the ganglion via the radula nerve ( Fig. 3) . Extracellular radula nerve recordings (Fig. 3A , rad n.) revealed action potentials that corresponded 1: 1 with impulses produced by injection of depolarizing current into the somata of rostra1 cluster cells (Fig. 3 .4, cells 1 and 2, arrows). Furthermore, action potentials could be recorded from these neurons in response to electrical stimulation of the radula nerve (Fig. 3B ). These impulses arose from a stable baseline, with no indication of synaptic prepotentials. They were diminished in a stepwise manner, by passing hyperpolarizing current into the cell body (Fig. 3B ). This reduction is likely to result from block of the approaching action potential at progressively more distal sites. Lucifer yellow dye fills of rostra1 cluster neurons confirmed that they project axons into the radula nerve (Fig. 3C ). The larger ovoid cells, for example, the one illustrated, branched at the initial bifurcation of the radula nerve, extending fibers bilaterally ( Fig. 3C , curved arrow). In order to visualize the distal projections of neurons in the region of the rostra1 cluster, cells were filled with S(6)-carboxyfluorescein dye (see Materials and Methods). Axons originating from cells in each hemiganglion could be traced into the radula nerve (Fig. 4A, rad n. ). These axons bifurcated at the initial division of the radula nerve, extending a single fiber into each branch (Fig. 4B, arrow) . The axons then coursed rostrally through the odontophore and did not further subdivide until reaching a layer of tissue underlying the surface of the chitinous radula (Fig. 4C ). This subradula tissue is a site of insertion of certain Lloyd et al., 1985; Church et al., 1991) . The rostra1 clusters (arrows) are composed of smaller closely apposed cells in the central region of each hemiganglion. esoph n., esophageal nerve; but c., buccal commissure; rud n., radula nerve; bnl, buccal nerve 1. B, SCP,-like immunoreactivity in the buccal ganglia of a juvenile (1.0 gm) animal. Rostra1 clusters indicated by arrows. The cells of these clusters appear to project axons toward the buccal commissure (b c.). C, Rostra1 cluster of SCP-immunoreactive cells in adult specimen. Plane of focus is on the processes of these cells (arrows) directed toward the buccal commissure (b c.). D, Two rostra1 cluster neurons (arrow and asterisk) filled with Lucifer yellow dye by ejection from an intracellular microelectrode. Note higher concentration of dye in the cell nuclei. E, The same field as D, following processing for SCP,-like immunoreactivity (rhodamine-coupled second antibody). The immunoreactive material is present in the cytoplasmic region of the rostra1 cluster neurons, including the two filled cells shown in D (arrow and asterisk). Note differences in cell shape (see Results). Scale bars: A, 400 pm; B, 200 pm; C, 100 pm; D and E, 50 pm. Figure 3 . Neurons of the rostra1 cluster project axons into the radula nerve. A, Two neurons (I and 2) in the rostra1 cluster were caused to fire by passing depolarizing intrasomatic current (between upward and downward arrows). Action potentials corresponding 1: 1 with the impulses of each cell were recorded extracellularly from the primary contralateral branch of the radula nerve (rud n.). B, Intracellular recording from the cell body of a rostra1 cluster neuron. Impulses were produced by extracellular stimulation (0.5 Hz) of the primary contralateral nerve branch of the radula nerve. In contrast to the impulses produced by intrasomatic current injection (see A), these action potentials did not overshoot the bath potential or undershoot rest potential. They were diminished in a stepwise manner, by hyperpolarizing the cell body in a series of 10 mV steps. Small deflections at final two levels are stimulus artifacts. C, Large ovoid neuron in the medial part of the rostra1 cluster of the left buccal hemiganglion filled with Lucifer yellow (straight arrow). Two major processes arise from the poles of the cell body and numerous secondary and tertiary branches can be seen extending into the region of the ventral motor neuron cluster. One major process extends into the buccal commissure (b c.) where it branches, extending one fiber into the contralateral hemiganglion and one into the radula nerve (rud n.). The fiber in the radula nerve branches at the initial bifurcation of the nerve (curved arrow). Scale bar, 550 pm. intrinsic muscles of the buccal mass (Rosen et al., unpublished observations) . The filled axons projected to specific regions of the subradula tissue, where they ramified extensively and appeared to terminate (Fig. 40) . Swellings or varicosities could be seen along the course of the terminal branches (Fig. 40, arrows) .
The localization of SCP,-like immunoreactive material in the subradula tissue was determined using immunocytochemical techniques. A bundle of 15-20 immunoreactive fibers was found to enter the posterior portion of the subradula tissue where it subdivided, sending smaller groups of fibers to various portions of the tissue (Fig. 54, arrow) . Fine fibers connecting intensely stained punctate varicosities were present in regions corresponding to the terminal fields of filled rostra1 cluster neurons (Fig.  SB, arrows) . Although it was not possible to conduct direct double-labeling experiments [due to the loss of 5(6)-carboxyfluorescein in fixed preparations] this localization of SCP,-like immunoreactivity in the subradula tissue is consistent with the conclusion that this structure is innervated by neurons of the rostra1 cluster.
Sensory responses of rostra1 cluster neurons The peripheral projections of rostra1 cluster neurons to the subradula tissue suggested that these cells might serve motor or sensory functions. Although sheets of muscle are present within the subradula tissue, and this structure has been observed to exhibit contractile properties (F. S. Vilim, personal communication), no movements were observed in response to stimulation of cells in this region of the ganglion (n = 14; six preparations). Several modalities of behaviorally relevant sensory stimuli were then applied to the radula surface while recording intracellular responses from multiple neurons in the region of the rostra1 cluster (Fig. 6 , RM-1, RM-2, and RM-3). Responses were compared to those produced in the readily identified, multiaction, multifunction neuron B4 (Gardner and Kandel, 1977; Rosen et al., 1982; Jahan-Parwar et al., 1983) . Mechanical stimuli were found to evoke robust, short-latency responses in the majority of the cells tested, as well as in neuron B4 (Fig. 6,4,) , whereas chemical stimuli consisting of seaweed (Fig.' 6A,) , solutions of seaweed extract, amino acids, or high concentrations of salt (4 M NaCl; Fig. 6A,) failed to evoke responses in any of the cells tested.
Several observations indicate that the neurons of the rostra1 cluster are primary mechanoafferents. In the majority of observed instances, evoked spikes did not exhibit prepotentials (e.g., Fig. 6B,) . In contrast, the impulses evoked in neuron B4 were always preceded by relatively large graded synaptic potentials. In cases where prepotentials were observed in the rostra1 cluster neurons, these were likely to be the result of electrical coupling to other RM neurons that have overlapping receptive fields and were stimulated simultaneously (see following sections). The role of rostra1 cluster cells as primary mechanoafferents is also supported by the observation that responses to tactile stimuli persisted after the odontophore and the buccal ganglion were bathed for several hours in an ASW solution containing a high concentration of Mg2+ (4 x normal content) and a low concentration of Ca*+ (0.5 x normal content), a solution that effectively blocks chemical synaptic transmission (Fig. 6B,; see Rosen et al., 1982) . The depolarizing responses rostra1 cluster neuron. A control recording was also made of the responses of identified (ipsilateral) multifunction neuron B4 that receives convergent sensory inputs from a variety of sources (Rosen et al., 1982 (Rosen et al., , 1991 Jahan-Parwar et al., 1983) . A,, Recordings from the same cells as in A, during application of seaweed (1 cm* moistened piece of Laver) to the biting surface of the radula for the period denoted by the horizontal event line. No responses were observed. A,, Absence of responses of the cells in A, to superfusion of 4 M NaCl (100 ~1) over the biting surface of the radula for the period denoted by the event line. A,, Control responses of the RM neurons to the tactile stimulus in A, that were recorded following the tests of chemosensitivity in A, and A,. B,, Control responses of three SCP-immunoreactive cells (RM-1, RM-2, and RA4-3) and neuron B4 to a tactile stimulus (2 gm von Frey hair) applied (at arrow) to the biting surface of the radula. B,, Persistence of the RM neuron responses to the tactile stimulus after the odontophore and buccal ganglion were bathed for 2 hr in an ASW solution that contained high Mg*+ (4 x normal content) and low Ca2+ (0.5~ normal content) concentrations. Reduction of the amplitude of the RM cell impulse could reflect a Ca2+' contribution to its soma or axon action potential (Geduldig and Junge, 1968; Horn, 1978) . This solution blocks both peripheral and central chemical synapses. Note that the action potential responses of B4 were abolished. The remaining B4 potentials are the result of electrical coupling between some of the RM neurons that are activated by the stimulus and neuron B4 (S. C. Rosen, unpublished observations (Fig. 6B,) , and were restored when the preparation was returned to normal ASW (Fig. 6BJ . These observations indicate that cells in the rostra1 cluster are primary mechanoafferents that innervate the subradula tissue.
These cells have therefore been designated radula mechanoafferents (RMs). These experiments leave unresolved, however, two questions regarding the exact relationship between the histologically defined (i.e., SCP,-immunoreactive) rostra1 cluster neurons and the functionally-defined radula mechanoafferents. Are all radula mechanoafferent neurons SCP, immunoreactive? Moreover, are all iSCP, rostra1 cluster neurons radula mechanoafferents? In order to answer these questions, neurons in the region of the rostra1 cluster (5 1 neurons in nine preparations) were identified as radula mechanoafferents, marked with dye, and subsequently processed for SCP,-like immunoreactivity (summarized in these neurons was iSCP, positive, and the dye fill suggested that the axon of this cell may have been damaged, thereby precluding the possibility of identifying it as a mechanoafferent. It remains possible, therefore, that all iSCP, neurons of the rostra1 cluster are radula mechanoafferents.
Response properties and receptive fields of radula mechanoaflerent neurons
The RM cells appear to be tuned to respond to punctate tactile stimuli applied to the biting surface of the radula. A brief (e.g., 100 msec) application of a calibrated von Frey hair (-1 gm) Figure 7 . A, Responses of a large (RM-I), medium (&V-2), and small (N-3) radula mechanoafferent neuron to a 1 gm von Frey hair applied to the radula for progressively increasing durations (A,-A,, Stimuli indicated by horizontal bars). Control responses were recorded from an identified B4 neuron in the same buccal hemiganglion. The RM neurons had overlapping receptive fields and the stimulus was applied to a locus common to all the fields. Note that the responses to the 1 set tactile stimulus all showed rapid adaptation. B, The ability of RM neurons to recover from adaptation is shown when a pair of 250 msec, 2 gm tactile stimuli were applied 750 msec apart (B,). The responses to the second stimulus were equivalent to those of the first. The recovery function is also evident by the ability of the cells to respond to a 2 gm, 100 msec stimulus repeatedly applied at 6 Hz (BJ. Figure 8 . Receptive field locations and sensory threshold measurements of six representative radula mechanoafferent neurons found in the right buccal hemiganglion ofa single preparation. A and B, Receptive fields of two large bipolar RM neurons in the medial region of the rostra1 cluster. These cells had large, bilateral receptive fields and low thresholds; that is, they responded >50% of the time to a 0.1 gm von Frey hair (see legend). C and D, Receptive fields of two medium-sized RM neurons. These cells also had bilateral receptive fields, but these were smaller in total area (compare with A, B). The thresholds for the medium sized RM cells were generally ~0.5 gm. E and F, Receptive fields of two small RM neurons. The small RM neurons typically had small, unilateral receptive fields and relatively high sensory thresholds (2 1 .O a-4 generally elicited a burst of spikes (Fig. 7A,) . Stimulus application of longer duration (to 250 msec) resulted in higher frequency, longer duration spike bursts (Fig. 7.4,) . However, when stimuli lasting more than 1 set were applied, all cells showed adaptation (Fig. 7A,) . No cell showed an off response when a stimulus was withdrawn from the radula. The adaptation of most of the RM cells was short lived. Robust responses to a 250 msec, 2 gm stimulus could be repeatedly evoked without decrement when the interstimulus interval was 750 msec (Fig.   7B,) . The RM cells could be repeatedly activated by briefer (50 msec) stimuli delivered at a rate of up to 6 Hz ( Fig. 7BJ . Like most other populations of mechanoafferent neurons described in Aplysiu (Byrne et al., 1974; Rosen et al., 1979 Rosen et al., , 1982 Byrne, 1980; Walters et al., 1983; Dubuc and Castellucci, 199 l) , the RM neurons had irregularly shaped and overlapping receptive fields. The receptive fields of the RM neurons were confined chiefly to the toothed chitinous radula surface of the odontophore, although the fields often extended to the tissue just adjacent to the radula. The highest density of fields was found on the posterodorsal portion of the radula, the surface that is contacted when the radula grasps food. Receptive fields did not appear to correlate somatotopically with neuronal position in the ganglion (cf. Spray et al., 1980) .
The receptive fields of multiple RM neurons that were examined in individual preparations exhibited considerable variation of size and shape. Figure 8 illustrates one such experiment in which six RM neurons were examined in the right buccal hemiganglion of one animal. The largest RM cells tended to have the largest receptive fields and the lowest sensory thresholds (Fig. 8A,B) . These cells typically responded (> 50% of tests) to a 0.1 gm von Frey hair applied to a portion of the biting surface of the radula. The receptive fields of large RM cells covered portions of the left and right radula halves (i.e., they were bilateral). Moderately sized RM neurons also had bilateral receptive fields (Fig. 8C,D) . The fields ofthese cells were smaller in area than those of the largest cells and the sensory thresholds were usually 10.5 gm. The smallest RM neurons that could be impaled most often had a single ipsi-or contralateral receptive field (Fig. SEJ') . Their thresholds were rarely less than 1 .O gm.
Electrical coupling among RM cells
The RM neurons form a network of electrically coupled cells. Coupling coefficients ranging from 0.006 to 0.22 were measured (24 pairs tested). Recording from multiple cells within a hemiganglion provided evidence for both divergent and convergent electrical connections (Fig. 9) . Depolarizing suprathreshold pulses injected into each cell resulted in a depolarizing shift of the membrane potential of each of the three coupled cells (Fig. 9  A-D, left) . Additional deflections corresponding 1:l with the impulses of the injected cell were typically transmitted less effectively than the DC potentials, indicating that a form of lowpass filtering may occur at these junctions. Injection of hyperpolarizing current pulses into each RM cell resulted in comparable postsynaptic shifts of the membrane potential of the coupled cells, indicating that the coupling between these cells is non-rectifying (Fig. 9A-D, right) . Although coupling between neuron pairs tended to be symmetrical (Fig. 9A-C) , this was not always the case. For example, in the experiment shown, the effects that one of the neurons (RM-4) exerted on its followers (Fig. 9D) were substantially weaker than the effects that each of the three followers exerted on it (Fig. 9A-C, bottom traces) .
Electrical coupling of RM neurons was not confined to the ipsilateral hemiganglion. In fact, the most effective coupling (coupling coefficients from 0.14 to 0.22, n = 6 pairs) was found between pairs of the largest ovoid cells, regardless of whether they were located in the ipsi-or contralateral hemiganglion (not shown).
Spontaneous and evoked burst activity of RM neurons
In isolated ganglion preparations, or in dissected preparations composed of the buccal and cerebral ganglia and the odonto- A, Injection of a 2 set suprathreshold constant current depolarizing pulse into RA4-1 resulted in depolarizing shifts of varying magnitudes in the membrane potentials of W-2, W-3, and RM-4 (left panels). Note that the gain for the cell into which the current was passed (thick bar calibration: 20 mV) was higher than for the other cells (thin bar calibration: 4 mV). Rapid deflections of the membrane potential of the coupled cells correspond to the action potentials in RM-I. A, Hyperpolarizing current injected into RM-1 resulted in hyperpolarizing shifts of the membrane potential of each of the coupled cells (right panels). B-D, The same protocol as in A was followed with current being injected into RM-2, W-3, and RM-4, respectively. Note that whereas the coupling between W-1, W-2, and RM-3 pairs is reciprocal, current injected into W-4 (D) has much less effect on the other cells than vice versa (A-C, bottom panels).
phore, RM neurons were generally silent. However, when the buccal ganglion exhibited spontaneous bursts of activity, depolarization and firing of the RM cells occurred in phase with the coordinated burst activity recorded in numerous other buccal cells, including the multifunction neuron B4 (Fig. lOA, top trace; see Susswein and Byrne, 1988 for a description of bursting pattern types). During quiet periods, a brief tactile stimulus applied to the radula could elicit, in addition to short latency sensory responses in RM neurons, a longer latency polysynaptic response associated with an evoked coordinated burst pattern (Fig. 10B) . Throughout the coordinated burst, RM cells were tonically depolarized (5-10 mV) to a subthreshold level. During the later phase of B4 firing, RM cells often produced a series of patterned impulses. These action potentials appeared to result from rhythmic suprathreshold synaptic inputs to RM cells.
Bouts of rhythmic burst activity in RM neurons cannot be explained by their peripheral processes being stimulated during movements of the buccal mass, since RM bursts still could be elicited from deafferented buccal ganglia. Continuous rhythmic bursting in RM neurons could be elicited in deafferented ganglia by brief electrical stimulation of buccal nerves (e.g., the radula nerve; see Susswein and Byrne, 1988; Plummer and Kirk, 1990 ). These bursts, as monitored via the identified neuron B4 (Fig.  1 lA, top record) , generally correspond to the "pattern 1" class of Susswein and Byrne (1988) . Periodic depolarizations were found to occur in RM cells (Fig. 1 lA, middle record) in phase with B4 firing. As observed with the spontaneous ganglionic bursting, firing of the RM neurons occurred during the late phase of B4 bursts, and appeared to be produced by patterned synaptic activity ( Fig. 11 B, middle record) . The synchronous occurrence of this synaptic activity in multiple RM cells resulted in intense barrages of radula nerve activity (Fig. 11 B, bottom record) . The spontaneous and evoked bursting patterns of the RM cells indicate that these neurons are influenced by the central pattern generator networks that underlie buccal motor programs.
Biochemical characterization of the RM cells
In order to identify the SCP-immunoreactive peptides present in the RM cells, 43 neurons in this cluster (14 preparations) were physiologically identified, marked by iontophoretic ejection of fast green dye, and incubated in a medium containing radiolabeled methionine, an amino acid present in both SCP, and SCP,. Individual neurons were dissected and pooled, and synthesized radiolabeled peptides were extracted in the presence of sufficient amounts of synthetic SCP, and SCP, to be detected by absorbance measurements. Samples were then subjected to two stages of RP-HPLC and chromatographic properties of the peptides synthesized by the RM cells were compared to those of the synthetic SCPs (Fig. 12) . Different hydrophobic ion pairing reagents were included in the two RP-HPLC passes to decrease the likelihood of coelution of synthetic material and peptides that are not structurally identical to the SCPs (Bennett et al., 1980) . Chromatographic properties of the peptides synthesized by the RM cells were determined by counting RP-HPLC fractions. Chromatographic properties of synthetic SCP, and SCP, were determined by monitoring the absorbance of eluting material at a sensitivity that would detect only the synthetic material added to the cell extract (Fig. 12, arrows) . These ex- Recording from B4 is used as a reference for determining the phase of activity in the RM neurons @M-l, W-2, M-3). Depolarization of each of the RM neurons occurred in phase with the B4 burst, and two of the RM cells (m-2 and m-3) produced impulses in a series of brief bursts during the later phase of the B4 firing. Note that all of the cells monitored (including B4) exhibited simultaneous rhythmic membrane potential depolarizations during this late phase ofthe burst, suggesting that they may receive synaptic input from a common source. B, Simultaneous recording from B4 and three ipsilateral RM neurons (RM-I, N-2, m-3) in another preparation. This preparation was not bursting spontaneously but a coordinated burst pattern could be evoked by application of a brief tactile stimulus to the surface of the radula (arrow). The three RM neurons were depolarized during the later phase of the B4 burst and two of the cells (m-2 and m-3) produced a series of patterned impulses prior to the termination of the B4 burst.
periments indicated that the radula mechanoafferent cells synthesize peptides with chromatographic properties identical to those of the SCPs.
The recent identification of sensorin-A, a neuropeptide localized specifically to mechanosensory neurons of Aplysia (Brunet et al., 1991) prompted us to test whether the RM neurons contain this peptide. Neurons were identified physiologically and functionally, filled with Lucifer yellow dye (Fig. 13A , arrows), fixed, and processed with an antibody raised against a region of the sensor&A precursor that includes the peptide (Fig.  13B) . Immunoreactive material was not detected in the Lucifer yellow-filled radula mechanoafferent cells or in the neurons in their immediate vicinity. Immunoreactivity was noted, however, in the nearby cluster of s cells (Fig. 13B, upper right) (Fiore and Meunier, 1979 ; see also Brunet et al., 1991) .
Discussion
The radula mechanoaflerent neurons of the rostra1 cluster This study constitutes an initial characterization of the rostra1 cluster of SCP-immunoreactive neurons in the buccal ganglion ofAplysia. We are able to conclude that (1) neurons ofthe rostra1 group project via the radula nerve to a tissue, designated the subradula tissue, that underlies the chitinous radula; (2) these neurons act as radula mechanoafferents (RMs); that is, they transduce tactile stimuli applied to discrete regions of the radula in a highly sensitive manner; (3) the RM neurons comprise an electrically coupled network, (4) they exhibit burst activity in phase with centrally-generated buccal rhythms; and (5) the RM neurons synthesize authentic SCP, and SCP,.
Several limitations regarding the inclusivity and exclusivity I. -B4 RM Figure 11 . Rhythmic RM neuron activity in the isolated buccal ganglion preparation. Bursting in this ganglion followed a period of electrical stimulation of the radula nerve via a suction electrode (2 Hz, 20 set; not shown; see Susswein and Byrne, 1988) . Activity was monitored using an intracellular recording of interneuron B4 (B4, top records, A and B) and an extracellular radulu nerve recording (bottom records, A and B). A, Rhythmic bursting in an RM neuron (middle trace) occurs in phase with B4 activity. The RM neuron is depolarized 5-10 mV throughout the period of B4 firing and trains of four to eight impulses occur prior to termination of the B4 burst. An intense barrage of radula nerve activity coincides with the RM cell firing. B, Expanded record of a single burst from the same experiment as in A. The RM neuron impulses are patterned as a result of large (1 O-20 mV) depolarizing potentials that appear to occur synchronously in B4 and the RM cell (upper dashed line). Radulu newe activity consists of a series of rapid bursts, probably originating from the coincident synaptic depolarization of a population of RM cells (lower dashed line).
of this characterization must be specified. The small number of cells sampled in this study relative to the number of neurons in the rostra1 cluster, coupled with a bias toward sampling larger cells, makes it impossible to conclude that all of the above features apply to all of the neurons in this group. The rostra1 cluster neurons, in fact, exhibit considerable diversity of size and form, and some cells have been identifiezd as unique individuals (Rosen et al., 1992) . Furthermore, there appear to be neurons in the region of the rostra1 cluster that act as radula mechanoafferents but that do not exhibit SCP,-like immunoreactivity (Table 2) .
Mechanosensoty cells innervating a number of somatic regions ofAplysia have been described (Byrne et al., 1974; Byrne, 1980; Rosen et al., 1979 Rosen et al., , 1982 Walters et al., 1983; Dubuc and Castellucci, 1991) . These neurons typically have small pigmented cell bodies and occur in clusters within the central ganglia, with members of a particular cluster innervating irregular and overlapping fields in a certain part of the body. There are, however, also examples of large individual mechanosensory neurons in Figure 12 . Comparison of the chromatographic properties of % methionine-labeled peptides synthesized by 43 radula mechanoafferent neurons and SCP, and SCP,. Radiolabeled peptides synthesized by radula mechanoafferent cells were subjected to two stages of sequential RP-HPLC in the presence of nanomolar quantities of synthetic SCP, and SCP,. A, Stage 1 of chromatography was performed in the presence of 0.01 M TFA. Elution times of synthetic peptides are indicated by arrows. The elution times of radiolaheled peptides were determined by counting 10% of each RP-HPLC fraction (counts/whole fraction are plotted). B, Stage 2 of chromatography was performed in the presence of 0.01 M HFBA. Rechromatography of the SCP, peak is shown in Ill, rechromatography of the SCP, peak in B2. Note that the radula mechanoafferent neurons synthesize radiolabeled peptides that precisely coelute with synthetic SCP, and SCP,. Aplysia (Cobbs and Pinsker, 1978; Jahan-Parwar et al., 1983; Weiss et al., 1986b,c) . The RM cell groups, which consist of moderately sized nonpigmented cells, appear to represent a distinct class of mechanosensory cells that differ in a number of respects from previously described sensory neuron clusters: (1) the responses of RM neurons exhibit very rapid sensory adaptation, (2) they are electrically coupled to one another, (3) they synthesize the SCPs, and (4) they do not exhibit sensorin-A-like immunoreactivity. It appears that the neurons that can be classified as mechanosensory in Aplysia exhibit considerable heterogeneity of size, form, electrophysiological properties, synaptic connectivities, and transmitter substances. Diverse classes of mechanosensory neurons have for some time been known to occur in mammals (see Burgess and Perl, 1973) , annelids (Nicholls and Baylor, 1968) , and crustaceans (Bush and Laverack, 1982) .
The small cardioactive peptides in sensory neurons The SCPs are present in certain motor neurons (Cropper et al., 1987a; Sossin et al., 1987; Lloyd et al., 1988; Church and Lloyd, 199 1; Church et al., 1991) and interneurons (Alevizos et al., 1989) of the Aplysia nervous system. Their synthesis in a particular class of mechanosensory neurons, the RM cells of the buccal ganglion, further supports the role of these peptides in multiple neuron types and diverse circuits in Aplysia (see Lloyd et al., 1985; Lloyd, 1986) . In motor systems, the SCPs are produced in identified neurons (Lloyd et al., 1985; Cropper et al., 1987a; Kreiner et al., 1987; Church and Lloyd, 1991; Church et al., 199 l) , where they are localized to the secretory pathway (Kreiner et al., 1986; Reed et al., 1988) , transported to the periphery (Lloyd, 1988) , and released in response to stimulation Whim and Lloyd, 1989; Cropper et al., 1990; Vilim et al., 199 1) . The actions of these peptides on the tissues innervated are consistent with a transmitter or cotransmitter role for the SCPs in these systems (Lloyd et al., 1984 Cropper et al., 1987a (Rosen et al., 1992) . It is not presently known whether the SCPs are colocalized in the rostra1 cluster cells with a classical primary transmitter (see Cropper et al., 1987a; Lloyd et al., 1988) or with additional neuropeptides. Sensorin-A, a candidate cotransmitter that has been shown to occur in several groups of Aplysia mechanosensory neurons (Brunet et al., 199 1) was not detected immunohistologically in the RM cells. FMRFamide-like immunoreactivity has been observed in the s cell cluster of the buccal ganglion and is present in some cells in the region of the rostra1 cluster (F. S. Vilim, M. W. Miller, S. C. Rosen, and K. R. Weiss, unpublished observations), but the colocalization of the SCPs and FMRFamide-related peptides in these cells has not been examined.
The presence of SCP peptides in the subradula tissue raises the possibility that the peptides may be released from RM sensory terminals in that tissue. A number of peripheral effects of peptides originating from sensory neurons have been described in vertebrates (see France-Cereceda et al., 1987; Holzer, 1988) . The subradula tissue appears to contain muscle fibers and to exhibit contractility (our observations and F. S. Vilim, personal communication), and it is possible that release ofthe SCPs could regulate contractions in this tissue. Furthermore, if SCP autoreceptors are present on the RM cells themselves, they could act in an automodulatory fashion to alter their own responsiveness to successive stimuli (see Pasztor and Bush, 1987; Siwicki et al., 1987) . Finally, in view of the modulatory effects of the SCPs on synaptic properties of other classes of mechanosensory neurons (Abrams et al., 1984; Ocorr and Byrne, 1985; Rosen et al., 1989; Pieroni and Byrne, 1992) , it would be of interest to test for possible presynaptic automodulatory effects of these peptides at RM cell central synapses.
RM neurons and buccal ganglion rhythm generation Sensory systems may be strongly influenced by pattem-generating networks, and are in turn able to regulate multiple aspects of the CPGs, for example, frequency, phase transitions, and switching (Pearson and Ramirez, 1990; Grillner et al., 1991) , in part by the release ofneuromodulator substances that produce long-lasting modifications of the functional properties of motor networks (Hooper and Moulins, 1989; Katz and Harris-Warrick, 1989; see Pearson, 1993) . Mechanosensory neurons have been shown to modulate the feeding systems of several mollusks (Kater and Rowell, 1973; Siegler, 1977; Audesirk, 1979; Elliott and Benjamin, 1989) including Apfysia (Jahan-Parwar et al., 1983; Chiel et al., 1986; Weiss et al., 1986a) . A possible role for the RM cells in some aspect of the generation or modulation of buccal feeding or rejection programs is suggested by the rhythmic responses produced in buccal neurons upon application of the SCPs (Sossin et al., 1987; Plummer and Kirk, 1990 ; see also Murphy et al., 1985; Prior and Watson, 1988; Willows et al., 1988 and motor neurons are consistent with such a role (Rosen et al., 1992) . Overall, the properties of the RM neurons suggest that they may function to detect the capture of ingested material and may thereby either reinforce the feeding motor program, signal the switch from biting to swallowing, or perhaps signal rejection responses when inedible objects are ingested. Central activation of RM neurons A remarkable feature of the RM neurons is that although they are sensory neurons that are activated by peripheral mechanostimulation, they also can be excited by activity of central origin (see also Cobbs and Pinsker, 1978; Beltz and Gelperin, 1980a,b; Jahan-Parwar et al., 1983; Dubuc et al., 1988; Cohen, 1992) . The excitatory input to the RM cells in isolated ganglia is rhythmic and hence presumably is driven by a central pattern generator network. The central input to the RM neurons appears to occur in phase with the firing of the B4/B5 neurons, a phase during which the radula may normally receive mechanosensory input during radula closing on food (Rosen et al., unpublished observations) . There are at least three possible functions for the central activation of the RM neurons. First, the spike activity could serve a sensory-like function, substituting a type of illusory afferent input even in the absence of appropriate sensory input at one phase of the centrally generated program. Second, the depolarizing input to the RM cells could serve to reinforce phaseappropriate sensory input, such that mechanostimulation of the radula would evoke more effective firing of the RM neurons, or more effective synaptic output of the cells, when the stimulation occurred at an appropriate phase (see Weissset al., 1986c , for references to numerous examples of phase-appropriate modulation of primary afferent input by means of inhibitory rather than excitatory input). Furthermore, bursts ofimpulses recorded from the radula nerve in the isolated ganglion (Fig. 10) indicate that the centrally generated spikes of the RM neurons conduct down the nerve toward the periphery. Cobbs and Pinsker (1978) have suggested that the collision of impulses that would occur upon simultaneous central and peripheral activation in bidirectionally conducting mechanosensory neurons could represent a primitive form of centrifugal control of sensory input. Third, the centrally evoked spiking of the RM cells could serve some as yet unspecified efferent function. Movements of the buccal mass have never been observed in response to firing of RM neurons, but it is possible that these cells contribute to the SCP modulation of neuromuscular transmission that has been observed in radula nerve-muscle preparations (Richmond et al., 1986 ; see also Lloyd et al., 1984; Cropper et al., 1987a) . Further analysis of the functional role of the RM neurons would be greatly facilitated by the identification of individual RM neurons with specified response properties, electrophysiological and structural features, and synaptic connectivities (Rosen et al., 1992) .
